INTRODUCTION
============

Autologous bone grafts are used in reconstructive surgery for congenital malformations and defects caused by trauma or a disease, as well as in cosmetic procedures for certain parts of the body. However, they have disadvantages such as limited donor sites, discomfort, and donor site morbidity. Therefore, extensive research has been conducted to develop synthetic bone graft materials. However, allografts or artificial bone substitutes can act as foreign bodies following their implantation in the human body, and induce problems including inflammation and implant rejection. Accordingly, considerable efforts have been made to develop materials that can minimize these drawbacks \[[@b1-acfs-2018-01879]\].

Mesenchymal stromal cells (MSCs) have been known as a cell population that exhibits pluripotent capabilities for 40 years, and they are still actively studied because they may be utilized in the biosynthesis of multiple body organs \[[@b2-acfs-2018-01879]\]. MSCs have been widely used in studies of synthetic bone graft materials. MSCs do not have high osteogenic efficiency on their own and do not reflect the inherent properties of bone tissue. Therefore, researchers have been culturing MSCs with various synthetic biomaterials to create adequate synthetic bone graft materials.

Scaffolds are synthetic biomaterials with mesh, foam, predesigned structures that are used to increase cell attachment, proliferation, and tissue formation. An ideal scaffold must have biocompatibility, biodegradability, and good mechanical strength to support the defective area. Furthermore, it must have suitable porosity, pore size, and interconnected network for cell penetration, and is considered even better if it can provide calcium and phosphorus at adequate ratios \[[@b3-acfs-2018-01879]\].

Numerous methods have been used to produce fabricating scaffolds. It is difficult to obtain the desired pore size using conventional methods such as solvent casting, fiber meshes, melt molding, and freeze drying. Although methods using organic solvents have been developed to overcome this limitation, these organic solvents can induce host reactions such as inflammation and toxicity. Recently, methods of producing scaffolds using rapid prototype manufacturing techniques have been highlighted \[[@b4-acfs-2018-01879]\]. They include selective laser-sintering (SLS), threedimensional (3D) printing, extrusion technology-based systems, solid grounding curing, and stereolithography apparatus (SLA). In this study, fabricating scaffolds were produced using an easily performed 3D printing technology process, which can be used in ambient environments.

Among the various biomaterials used to prepare scaffolds, polycaprolactone (PCL) is a biodegradable polyester material that has excellent electro-spinnability, good mechanical features, good biocompatibility, and low immunogenicity. These qualities make it one of the most attractive tissue regenerative materials \[[@b5-acfs-2018-01879]\]. PCL is biodegradable and completely degrades 3--4 years after transplantation inside the body, and it has excellent stability and osteoconduction affinity \[[@b6-acfs-2018-01879]\].

Tricalcium phosphate (TCP) is a bioabsorbable ceramic that is rapidly degraded into calcium and phosphate in the body. Its absorption rate can be controlled by combining it with hydroxyapatite, which has low solubility. TCP loses its mechanical strength over time, which can lead to an implant failure if the mechanical strength of the cells does not increase as the mechanical strength of TCP decreases. However, the double holes on the outer and inner TCP surfaces allow vascular or bone tissue to penetrate the graft material following its implantation inside the body. Therefore, TCP has been used in various implantation procedures. It is also used to induce rapid and stable osseointegration at bony defects or in the cranium \[[@b7-acfs-2018-01879]\]. There are two forms of TCP, α-TCP, and β-TCP, which both have a similar solubility, but differ in their thermodynamic stability in the biological environment and at normal temperature ranges \[[@b8-acfs-2018-01879]\]. Although the biodegradation of both forms is affected by a number of external factors such as surface area, crystallinity, crystal perfection, and ionic substitutions, α-TCP is more rapidly biodegraded than β-TCP \[[@b9-acfs-2018-01879]\].

Recently, research on bone tissue engineering using MSCs and various synthetic biomaterials has been actively conducted. However, no study has investigated whether a PCL/β-TCP scaffold fabricated using 3D printing has any effects on osteogenic differentiation. Therefore, the present study investigated the effects of the 3D printed PCL/β-TCP scaffold, which has specific biochemical properties and excellent biocompatibility, on the osteogenic differentiation of adipose tissue-derived stem cells (ADSCs) and bone marrow-derived stem cells (BMSCs). In addition, we determine whether or not the scaffold induces osteogenic differentiation in the absence of a bone differentiation medium.

METHODS
=======

Two experiments were conducted to investigate the effects of the 3D printed PCL/β-TCP scaffold on ADSCs and BMSCs. Before conducting the experiment on the effects of the 3D printed PLC/β-TCP scaffold on the osteogenic differentiation of ADSCs and BMSCs, a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay was performed to evaluate the cytotoxicity of the scaffold and confirm its safety for MSC culture.

Fabrication of 3D printed PCL/β-TCP scaffolds
---------------------------------------------

Biodegradable PCL (Evonik Industries, Essen, Germany) and TCP (Sigma-Aldrich, St. Louis, MO, USA) were used as materials for the scaffolds. PCL was dried at 105°C for 1 day before use. β-TCP had a particle size of 100 nm or less. The 3D printed PCL/β-TCP scaffolds were made in a heating jacket and stainless steel cylinder with a micro-nozzle along an X-Y-Z axis. The scaffolds were designed and fabricated using in-house CAD/CAM software. A steel syringe containing the PCL/β-TCP mixture was equipped to a 3D printer and maintained at 120°C. The molten PCL/β-TCP mixture was precisely dispensed through stainless steel nozzle with diameter of 300 μm.

Biological safety of 3D printed PCL/β-TCP scaffold cultured with MSCs
---------------------------------------------------------------------

MTS assay of the 3D printed PCL/β-TCP scaffold: the ADSCs and BMSCs were loaded into a 96-well plate at a density of 1×10^5^ cells/well. Each cell culture group and the cell group cultured in the scaffold were incubated at 37°C exposed to 5% CO~2~ in an incubator for 24 hours and 4 weeks, respectively. The medium was removed and then 100 μL Dulbecco's modified Eagle's medium (Gibco, Paisley, Scotland) and 20 μL MTS reagent (Promega G3582, Madison, WI, USA) were added, and the cells were cultured for 4 hours in the incubator. Then, the absorbance of the cell suspension was measured at a 490 nm using an enzyme-linked immunosorbent assay plate reader. The scaffold toxicity was measured and expressed relative to the control measurement.

Comparison of osteogenic differentiation of MSCs in the presence of 3D printed PCL/β-TCP scaffold
-------------------------------------------------------------------------------------------------

An *in vitro* experiment was performed to study the osteogenic activity of ADSCs and BMSCs. Levels of osteogenic differentiation were measured on day 1 and 10 and week 4 after cell culturing ([Fig. 1](#f1-acfs-2018-01879){ref-type="fig"}). The ADSCs and BMSCs were divided into the following three groups for the experiment: C, only cultured cells; M, cells cultured in the 3D printed PCL/β-TCP scaffold; and D, cells cultured in the 3D printed PCL/β-TCP scaffold with a bone differentiation medium. Alkaline phosphatase (ALP) assay, von Kossa staining, reverse transcription-polymerase chain reaction (RT-PCR), and Western blotting were used to analyze and compare the levels of osteogenic differentiation of the three groups depending on the time point of the culture period. The ALP assay results were obtained on day 1 and at 10 after cell culture. The von Kossa staining results were obtained 4 weeks after cell culturing while the RT-PCR and Western blotting results were obtained on days 1 and 10 and week 4 after cell culture.

Reverse transcription-polymerase chain reaction
-----------------------------------------------

Total RNA was isolated using Trizol (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. cDNA was prepared using the RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific) and RT-PCR was performed using the AccuPower RT-PCR kit (Bioneer, Daejeon, Korea). To normalize the input load of cDNA among the samples, glyceraldehyde-3-phosphate dehydrogenase (*GAPDH*) was used as an endogenous standard. Type I collagen (*COL 1*), osteocalcin (*OCN*), runt-related transcription factor 2 (*RUNX2*), and *GAPDH* expression levels were compared using RT-PCR ([Table 1](#t1-acfs-2018-01879){ref-type="table"}).

Statistical analysis
--------------------

Statistical analysis was assessed with SPSS ver. 22.0 (IBM Corp., Armonk, NY, USA). Subgroup analysis was performed with the paired *t*-test. Statistical significance was set at *p*\<0.05.

RESULTS
=======

Safety analysis of interaction between 3D printed PCL/β-TCP scaffold and MSCs
-----------------------------------------------------------------------------

No significant difference was observed between the 3D printed PCL/β-TCP scaffold cell culture and the control cell culture 24 hours after the MTS assay. Similar results were observed at 4 weeks. Thus, the application of the 3D printed PCL/β-TCP scaffold on MSCs was confirmed to be safe ([Fig. 2](#f2-acfs-2018-01879){ref-type="fig"}).

Comparison of osteogenic differentiation of various MSCs in the presence of 3D printed PCL/β-TCP scaffold
---------------------------------------------------------------------------------------------------------

The obtained ADSCs and BMSCs were cultured in the 3D printed PCL/β-TCP scaffold, and their levels of osteogenic differentiation were compared on days 1 and 10 and week 4 ([Fig. 3](#f3-acfs-2018-01879){ref-type="fig"}). In the ALP assay, the osteogenic differentiation activity increased more in groups M and D than it did in group C. However, the osteogenic differentiation activity decreased more in group M than it did in group D ([Fig. 4](#f4-acfs-2018-01879){ref-type="fig"}). The von Kossa staining performed at 4 weeks showed increased osteogenic differentiation activity in group M compared to that in group C. The osteogenic differentiation activity increased even more in BMSCs than it did in group D ([Fig. 5](#f5-acfs-2018-01879){ref-type="fig"}). Expression levels of ossification genes (*COL I*, *OCN*, and *RUNX2*) were compared using RTPCR. In ADSCs, the expression level of the *RUNX2* gene at 4 weeks was slightly decreased; in BMSCs, the expression levels of *OCN* at days 1 and 10 were slightly decreased; and the expression level of the *COL I* gene at day 10 was slightly decreased. The gene expression levels in group M were generally higher than those in group C except for some genes at specific time points. However, compared with the group D, the gene expression was slightly decreased at all time points. This suggests that the osteogenic differentiation in group M was increased more than that in group C, but decreased more than that in group D ([Fig. 6](#f6-acfs-2018-01879){ref-type="fig"}).

Western blotting was performed to analyze the expression of ossification-related proteins. In ADSCs, the expression level of the RUNX2 protein at day 10 was slightly decreased in group M compared to group C. Furthermore, in BMSCs, the expression levels of all proteins were decreased at day 1, and the expression level of the COL I protein at day 10 was decreased in group M compared to group C. However, closer to 4 weeks, the protein expression levels in group M were increased compared to group C. This observation confirmed that osteogenic differentiation increased more in group M than it did in group C ([Fig. 7](#f7-acfs-2018-01879){ref-type="fig"}).

DISCUSSION
==========

The bone tissue engineering process consists of four main components: cells, scaffold, growth factors, and mechanics. Numerous studies have been conducted on bone tissue engineering and scaffold materials in the last two decades to identify the appropriate 3D environment that would increase the osteogenic efficiency of MSCs. The basic requirements for scaffold materials are biodegradability, biocompatibility, mechanical strength, 3D structure, and porous architecture with interconnected channels \[[@b10-acfs-2018-01879]\].

Numerous studies have confirmed that traditional scaffolds are adequate materials for bone tissue engineering. However, it is difficult to evenly distribute porogens of the same size as it is impossible to create uniform pore sizes, and the interconnections between pores are not complete. It is also difficult to form a structure with the desired form because the thickness and length of the pore wall and edges are determined by the solvent evaporation rate. Furthermore, any remaining organic solvents could have toxic effects on the body or the seeded cells and should be completely removed before clinical use of scaffolds \[[@b11-acfs-2018-01879]\].

Accordingly, numerous research studies have attempted to develop fabricating complexly shaped scaffolds using advanced techniques called solid free-form fabrication (SFF) or rapid prototyping (RP). One of the advantages of the SFF technique is that a customized architecture with compositional variations desired by the producer and of the same form can be reproduced. Moreover, in the production of biomimetic structures, SFF technology considers various scaffold designs and material compositions to produce a material architecture (size, shape, interconnectivity, branching, geometry, and orientation) tailored to the researcher's needs. Furthermore, it enables the manipulation of mechanical properties, biological effects, and degradation kinetics of scaffolds. The RP technique uses automated, integrated imaging technique to produce customized scaffolds of specific sizes or shapes that are tailored to each patient's needs. Commonly used SFF techniques include SLS, 3D printing, extrusion technology-based systems, solid grounding curing, and SLA \[[@b12-acfs-2018-01879]\], which have the following characteristics.

SLS increases the temperature using laser energy and fuses powder to produce a scaffold. It requires expensive equipment and traps powder, which is difficult to remove. SLA uses an ultraviolet (UV) laser to polymerize photopolymerizable liquid polymer materials. However, the number of photopolymerizable biomaterials is limited, and shrinkage and deformation can occur after UV curing. Extrusion technology-based systems, also called droplet deposition, include fused deposition modeling, 3D plotting, multi-phase jet solidification, and precise extrusion manufacturing. These methods involve the direct heating and pumping of filament materials on a built platform through a nozzle according to a programmed pathway. Some of the drawbacks of this technique are that its use is limited to thermoplastic materials that have good melting viscosity and it is difficult to encapsulate cells in the scaffold produced using this method \[[@b13-acfs-2018-01879]\].

The 3D printing technology used in this study was developed at the MIT, and is currently the most researched SFF technique in the fields of tissue engineering and drug-delivery applications \[[@b12-acfs-2018-01879]\]. The 3D printing technology uses a powder as the basic material and involves a layered printing process using adhesive bonding according to a sliced cross-sectional computer-assisted design. Each powder layer becomes selectively fused by the ink-jet printing of binder materials, and the desired scaffold is created as this step is repeated layer by layer. The removal of harmful organic solvents such as chloroform and methylene chloride, which are used as binders during this process, is difficult. It is also difficult to remove the excess powder trapped inside the small channel. However, 3D printing can theoretically use any materials that can be powdered and in practice can be used in any environment as it is commonly used, and easy to perform \[[@b13-acfs-2018-01879]\].

It has already been proven that the combination of a scaffold and MSCs more effectively enhances osteogenic differentiation and, subsequently, bone regeneration than a scaffold alone does. In a study that analyzed the effects of urine-derived stem cells (UDSCs) and β-TCP on femoral bone defects of rats, bone regeneration was more effective when UDSCs and β-TCP were used in conjunction than when β-TCP was used alone \[[@b14-acfs-2018-01879]\]. In a study that treated mice having 4 mm calvarial defects with ADSCs and wet-spun starch-PCL (SPCL), better bone regeneration was achieved when SPCL and ADSCs were used together than when SPCL was used independently \[[@b15-acfs-2018-01879]\].

A study on the effects of the PCL scaffold on the osteogenic differentiation of umbilical cord-, bone marrow-, and adipose tissue-derived MSCs reported that PCL nanofibers enhance the osteogenic differentiation of human MSCs and, subsequently, MSC-based bone tissue repair. The PCL nanofiber scaffold induces the adhesion and proliferation of human MSCs to maintain the survival rate of human MSCS and accelerate their proliferation. Osteogenic differentiation potency could be significantly increased by culturing these human MSCs in the PCL nanofiber scaffold. In addition, of the three types of MSCs, BMSCs had the highest osteogenic differentiation potency, and the PCL nanofiber scaffold consistently activates the Wnt/β-catenin and Smad3 signaling pathways to enhance the osteogenesis of human MSCs \[[@b6-acfs-2018-01879]\].

PCL, which is commonly used as a scaffold material, has a repetitive molecular structure of PCL homopolymers consisting of five nonpolar methylene groups and a single relatively polar ester group. While it has a high olefinic content and unique features similar to those of polyolefin, its polymers become biodegradable when fused with hydrolytically unstable aliphatic-ester. Homopolymer degradation takes approximately 2 years. Bioabsorption of these homopolymers can be accelerated by combining them with copolymers \[[@b16-acfs-2018-01879]\]. PCL is one such biodegradable polyester material that has been approved by the Food and Drug Administration for its good biocompatibility and low immunogenicity. It is also one of the most widely used biomaterials in various biomedical fields because of its low melting point (58°C--63°C), easy handling, and low cost. However, it lacks cell adhesion owing to low hydrophilicity and must be coated with natural polymers such as collagen or combined with ceramics such as TCP to overcome its highly ductile and insufficiently rigid nature. TCP has strong osteoconductivity, high biocompatibility, and is degraded in vivo as it has a similar chemical composition to that of natural bone. Similar to PCL, it can also be used in various forms such as porous blocks, granules, and a powder \[[@b7-acfs-2018-01879]\].

The PCL/TCP scaffold effectively promotes osteoblast proliferation, differentiation, mineralized tissue formation and bone tissue ingrowth, and has degradation behavior, and is bioactive. In addition, a recent study reported that the PCL/TCP scaffold is involved in the delivery system of bone morphogenetic protein-2 and platelet-rich plasma and that it has sufficient physical properties to withstand the wound contraction force and load bearing application following *in vivo* implantation. Furthermore, the slow degradation induced by the scaffold provides sufficient time and space for new bone growth. Therefore, the PCL/TCP scaffold could be used as a safe and effective bone substitute for promoting osteogenic differentiation \[[@b17-acfs-2018-01879]\].

In the present study, the cells cultured in the 3D printed PCL/β-TCP scaffold showed reduced osteogenic differentiation compared to cells that were cultured on the scaffold with a bone differentiation medium and showed increased osteogenic differentiation compared to that of the control group. Our findings demonstrate that osteogenic differentiation occurs as a result of the interactions between the PCL/β-TCP scaffold and cells, and that the 3D printed PCL/β-TCP scaffold alone promoted osteogenic differentiation. Furthermore, our findings provide evidence that the 3D printed PCL/β-TCP scaffold is an effective synthetic biomaterial for promoting bone regeneration in bone tissue engineering.
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![Collection of adipose tissue-derived stem cells (ADSCs) and bone marrow-derived stem cells (BMSCs), and seeding inside three-dimensionally (3D) printed polycaprolactone (PCL)/β-tricalcium phosphate (TCP) scaffold. RBC, red blood cell; PBS, phosphate-buffered saline.](acfs-2018-01879f1){#f1-acfs-2018-01879}

![Toxicity test results of three-dimensionally printed polycaprolactone/β-tricalcium phosphate scaffold 24 hours (A, B) and 4 weeks (C, D) after cell culture. ADSC, adipose tissue-derived stem cell; BMSC, bone marrow-derived stem cell.](acfs-2018-01879f2){#f2-acfs-2018-01879}

![Interaction between the three-dimensionally (3D) printed polycaprolactone (PCL)/β-tricalcium phosphate (TCP) scaffold and cells. Alkaline phosphatase assay was performed 1 and 10 days after cell culture, followed by von Kossa staining at 4 weeks. Group C, only cultured cells; M, cells cultured in the 3D printed PCL/β-TCP scaffold; D, cells cultured in the 3D printed PCL/β-TCP scaffold with a bone differentiation medium; ADSC, adipose tissue-derived stem cell; BMSC, bone marrow-derived stem cell.](acfs-2018-01879f3){#f3-acfs-2018-01879}

![Alkaline phosphatase assay of osteogenic differentiation. (A) Day 1, ×5 magnification. (B) Day 10, ×5 magnification. Group C, only cultured cells; M, cells cultured in the three-dimensionally (3D) printed polycaprolactone (PCL)/β-tricalcium phosphate (TCP) scaffold; D, cells cultured in the 3D printed PCL/β-TCP scaffold with a bone differentiation medium; ADSC, adipose tissue-derived stem cell; BMSC, bone marrow-derived stem cell.](acfs-2018-01879f4){#f4-acfs-2018-01879}

![von Kossa staining of osteogenic differentiation. (A) Week 4, ×5 magnification. (B) Week 4, ×10 magnification. Group C, only cultured cells; M, cells cultured in the three-dimensionally (3D) printed polycaprolactone (PCL)/β- tricalcium phosphate (TCP) scaffold; D, cells cultured in the 3D printed PCL/β-TCP scaffold with a bone differentiation medium; ADSC, adipose tissue-derived stem cell; BMSC, bone marrow-derived stem cell.](acfs-2018-01879f5){#f5-acfs-2018-01879}

![Reverse transcription-polymerase chain reaction analysis of the expression levels of ossification genes (*COL I*, *Osteocalcin*, and *RUNX2*). (A) adipose tissue-derived stem cell (ADSC). (B) Bone marrow-derived stem cell (BMSC). Group C, only cultured cells; M, cells cultured in the three-dimensionally (3D) printed polycaprolactone (PCL)/β-tricalcium phosphate (TCP) scaffold; D, cells cultured in the 3D printed PCL/ β-TCP scaffold with a bone differentiation medium; *COL 1*, type I collagen; *RUNX2*, runt-related transcription factor 2; *GAPDH*, glyceraldehyde-3-phosphate dehydrogenase.](acfs-2018-01879f6){#f6-acfs-2018-01879}

![Western blotting analysis of the expression of ossification-related proteins (COL I, Osteocalcin, and RUNX2). (A) Adipose-derived stem cell (ADSC). (B) Bone marrow-derived stem cell (BMSC). Group C, only cultured cells; M, cells cultured in the three-dimensionally (3D) printed polycaprolactone (PCL)/β-tricalcium phosphate (TCP) scaffold; D, cells cultured in the 3D printed PCL/β-TCP scaffold with a bone differentiation medium; COL 1, type I collagen; RUNX2, runt-related transcription factor 2.](acfs-2018-01879f7){#f7-acfs-2018-01879}

###### 

Primer sequences and reaction conditions for reverse transcription-polymerase chain reaction

  Gene                Sequence (5´→3´)             Reaction condition
  --------- --------- ---------------------------- ----------------------------------------
  *COL1*    Forward   TAGGGTCTAGACATGTTCAGCTTTGT   Denaturation step: 94°C for 45 seconds
            Reverse   GTGATTGGTGGGATGTCTTCGT       
  *OCN*     Forward   CCATGAGGACCCTCTCTCTG         Annealing step: 62°C for 60 seconds
            Reverse   CCATGAGGACCCTCTCTCTG         
  *RUNX2*   Forward   CCATGAGGACCCTCTCTCTG         Extension step: 72°C for 60 seconds
            Reverse   CCATGAGGACCCTCTCTCTG         
  *GAPDH*   Forward   CCATGAGGACCCTCTCTCTG         N° cycles: 30
            Reverse   CCATGAGGACCCTCTCTCTG         Final extension step: 72°C for 5 hours

[^1]: This article was presented at the 8th R & R Forum on April 19, 2018 in Jeonju, Korea.
